The amount of excess sludge production from wastewater treatment plants is continuously increasing. Therefore, minimization of excess sludge is becoming increasingly important. The aim of bacterial cell disintegration is the release of the cell contents as an aqueous extract. This accelerates the cell hydrolysis that is usually considered to be the rate-limiting step in the sludge stabilization. Vacuum disintegration can activate the biological hydrolysis process and therefore, significantly increase the stabilization rate of the secondary sludge. It has been shown that when subjecting the sludge to 30 min of vacuuming, the COD concentration in the supernatant increased from 120 mg/L to more than 300 mg/L. Sodium dodecyl sulfate surfactant and lime have been used in different concentrations to enhance the hydrolysis process. The results show an additional increase in the supernatant COD concentration. For disintegrated excess sludge, an improved and accelerated anaerobic digestion is detected. The digestion process is characterized by higher degradation with increased disintegration.
Introduction
For the purpose of wastewater treatment, biological oxidation is a the core of the treatment unit processes and is appointed for the elimination of biodegradable substances in wastewater. As a result, carbon dioxide, intermediate substances, and new microbial cells are produced. The latter is known as secondary excess sludge production, and this was used extensively for agricultural purposes as biological soil conditioner and organic fertilizer. The increasing volume of excess sludge due to population growth, improving sanitation levels, and stringent amended wastewater regulations forms a real challenge to environmental engineers (Abbassi et al. 2000) .
There is a necessity to develop new cost-efficient biological concepts with the goal of minimizing excess sludge production. This could be achieved through conversion of the organic constituents to a gas phase in the form of carbon dioxide (Henze and Mladenovski 1991) . Conventional aerobic and anaerobic stabilization processes have been used extensively for treatment and stabilization of excess sludge. In sludge stabilization, hydrolysis of microbial cells is very slow and therefore considered to be a rate-limiting step which results in a vast volume of sludge (Lishman and Murphy 1994) .
In order to enhance the biological stabilization of sludge, different mechanical unit processes have been suggested. Recently, cell disintegration, which was originally developed in biotechnology in order to produce enzymes or proteins, appears in the application of wastewater engineering and has proven to be a satisfying method to accelerate sludge stabilization (Müller 1996) . Cell disintegration aims to tackle the particular organic substances in the microorganism forming sludge. This can be achieved through disturbance of the microorganisms' cell wall (Kunz 1993) . As a result, cell contents are released into the bulk, increasing the COD concentration. The new liberated organic pollutant can be easily biodegraded and results in acceleration of the sludge stabilization process.
Different disintegration techniques have been used for decades in biotechnology. The large energy consumption due to these processes is the only restriction in transferring them into wastewater engineering applications. Disintegration techniques can be categorized as mechanical and non-mechanical techniques (Müller 1996) . Edebo (1969) has attempted to disintegrate bacterial cells and succeeded to disrupt the cell wall of the bacteria through alternately freezing and thawing the sludge. Hughes and Wimpenny (1971) continued Edebo's work and mechanically crushed the formed ice crystals. Edebo (1969) was also able to disintegrate weak membrane cells by introducing an osmotic shock. The concentration of dissolved salts inside the cell membrane was much greater than that in the ambient fluid. Water molecules diffused into the cell and caused cell bursting.
Cell disruption in a high-pressure homogenizer (120 bar) with nitrogen gas was studied by Brookman (1974) . Sudden decompression of the cells led to a sudden expansion of the gases inside the cells and hence, destruction of the cell membrane. However, it was shown that this technique is suitable for weak membrane cells (mainly gram-negative cells). Addition of some chemicals and detergents proved to be a good disintegration technique (Belter and Cussier 1988) . This weakens the cell wall so that any further osmotic shock would significantly enhance the cell disruption. Combination of two or more techniques has shown to be effective fore disintegration.
The common mechanical disintegration processes used in biotechnology and recently in wastewater engineering applications include the agitated ball mill (i.e., glass bead mill), the high-pressure homogenizer (i.e., French press and Manton-Gaulin homogenizer), and ultrasonic decomposition. Dichtl (1996) and Nickel and Neis (1996) have shown that disruption of sewage sludge by these mechanical techniques reduces the amount of sludge, decreases the digestion time, and increases the amount of digester gas produced.
The use of vacuuming in cell disintegration is a technique that is still inadequately studied. In this work the influence of the vacuum on disruption of cell walls is examined through subjecting excess sludge produced from activated sludge systems to vacuum conditions under different reaction times. In addition, a combination of vacuum and chemical disintegration is also investigated.
Materials and Methods
Two experimental phases were conducted in this research work, namely, vacuum disintegration and sludge digestion. The effluent from the first phase has been used to carry out the experimentation in the second phase. Each set of experiments was carried out in triplicate in order to assure adequate test certainty.
Phase I. Vacuum Disintegration
The excess sludge used in this investigation phase was taken from a laboratory-scale activated sludge treatment plant. The influent synthetic substrate was based on glucose as a carbon source. Sludge solid concentration was determined based on mixed liquor suspended solid (MLSS) measured according to Standard Method 2540D. Treatment plant design parameters such as sludge age, detention time, and organic loading were predetermined to yield excess sludge concentration of 16.0 ± 0.5 g/L.
The excess sludge production was taken for disintegration in a batch vacuum reactor as shown in Fig. 1 . The reactor was constructed of a Plexiglas cylinder (15-cm diameter and 35-cm length). The two openings at the top of the reactor were connected to a vacuum pump and pressure gauge. Samples were introduced into the reactor and taken out through the third opening. The reactor was placed over a magnetic plate stirrer in order to ensure adequate mixing during the vacuum process. The whole set of experiments was carried out under the same stirring condition (same magnetic stirring bar and stirring speed). The vacuum was set to an absolute pressure of 0.02 bar over the entire experimental runs.
Before the sludge was subjected to the vacuum, it was aerated by nitrogen gas to remove the dissolved oxygen in order to alter the aerobic sludge stabilization during the experiments. The amount of sludge used in each experiment was about 1 L. After each vacuum process, a sludge sample of 25 mL was filtered through 0.45-mm filter paper. The amount of solids on the filter paper was determined using a Sartorius Model MF-50 Infrared Moisture Balance Analyzer that permits drying at a temperature of 105°C with simultaneous weighing. Furthermore, the filtrate was investigated to determine the chemical oxygen demand (COD) using the Standards Methods open reflux procedure 5220B. The increase in COD values with respect to control sludge sample without disintegration was taken as an indicator for the degree of cell disintegration and describes the release of organic matter originating from cell disruption.
Vacuum times of 5, 10, 15, 20, and 30 min were set in each experiment in order to determine the time effect on cell disintegration. To differentiate between vacuum and natural hydrolysis, control sludge samples were tested along with the vacuum experiments. Control sludge samples are subjected to the entire previous conditions except the vacuum pressure.
Combination of vacuum and chemical disintegration has been also studied. Sodium dodecyl sulfate (SDS) detergent and Ca(OH) 2 (lime) were used in this part of the experiment. Two sludge-specific concentrations of each SDS and Ca(OH) 2 were tested, namely 10-and 20-mg/g MLSS, and 30-and 60-mg/g MLSS, respectively.
Phase II. Sludge Digestion
Sludge digestion for the purpose of sludge stabilization represents an important unit process in the activated sludge systems. In this work, the disintegrated sludge samples were anaerobically digested in closed reactors. Each reactor was simply an amber, glass, narrow-mouth bottle with a capacity of 1000 mL. The bottles were capped by special hollowed Teflon stoppers to allow the outlet of gases. Each bottle was inoculated with 200 mL of adapted anaerobic sludge. Into each bottle was transferred 600 mL of all disintegrated and control sludge samples from the first phase to be anaerobically digested. The gases produced were collected and measured daily for each bottle. The volume of biogas production based on the sludge weight is taken as an indicator for the degree of digestion.
Results and Discussion

Phase I
The first series of investigations is summarized in Fig. 2 where the degree of disintegration expressed as COD concentration in the filtrate is plotted versus vacuum time. When sludge is subjected to the vacuum (0.02 bar absolute), an increase in COD concentration in the filtrate is observed. The pressure difference between the inside and outside of the bacterial cells exerts a hydrostatic force on the bacterial cell wall, which causes disruption of the cell wall, especially in the case of gram-negative bacteria which are characterized by weak cell walls (Bitton 1994 ). An increase of vacuum time from 0 to 30 min causes an increase in COD concentration from 129 to 299 mg/L. This corresponds to an increase in COD concentration of 130%. To ensure that this increase has occurred due to the vacuum process, a control sludge sample was also tested. The slight increase in COD concentration within 30 min is attributed to the ordinary hydrolysis process.
After filtration of the sludge samples, filters containing sludge are dried using an infrared moisture balance analyzer to determine the sludge drying profile with respect to time. Figure 3 shows the sludge drying profile of a vacuum sample for 30 min and its corresponding control.
The trend of sludge drying profiles for both samples was found to be identical except for the starting weights (i.e., at drying time = 0). After completion of drying, the weights of solids on both filters were found to be similar. This represents the dry weight of the sludge sample (0.408 g) that corresponds to MLSS of 16.3 g/L. The slight decrease in the starting weight of the vacuumed sample is attributed to the cell disintegration. The liquid cell contents in the control sample are calculated in the initial weight, whereby in the disintegrated sample the cell contents are released to the bulk liquid and passed through the filter along with the filtrate.
To examine how cell disintegration affects the sludge settling characteristic, sludge volume index (SVI) is determined for all sludge samples (Fig. 4) . There was no significant change in the settling characteristics of the sludge that underwent natural hydrolysis (control samples). On the contrary, the vacuum process has a clear influence on the settling characteristics of the disintegrated sludge. The decrease of SVI from 80 mL/g to less than 50 mL/g indicates better sludge settling characteristics. On a wastewater treatment plant scale, this would enhance the efficiency of the treatment process through increasing the mean cell residence time and accelerating the sludge thickening. The combination of vacuum and chemical disintegration was also investigated. SDS surfactant was used as the chemical disintegration agent. The use of SDS together with vacuum disintegration would reduce the resistance of the cell walls to a disruptive hydrostatic force. In this set of investigations, sludge samples were tested with two different sludgespecific concentration of SDS (10 and 20 mg/g MLSS). Corresponding control samples with SDS addition were also tested. The results are shown in Fig. 5 where the COD concentration in the filtrate is plotted versus vacuum time. The addition of SDS in all sludge samples increases cell disintegration. However, when vacuuming follows the addition of detergent, a tangible increase in COD concentration is observed. The addition of SDS at concentrations of 10 and 20 mg/g MLSS to the sludge sample followed by vacuuming for 30 min led to an increase in COD concentration in the filtrate of about 140% and 230%, respectively. Thirty minutes after addition of SDS, at concentration of 10 and 20 mg/g MLSS, to the control sludge samples, COD concentration in the filtrate was increased by about 30% and 70%, respectively. The slight difference in COD concentration at time zero is referred to an instantaneous disintegration due to the different detergent concentration applied.
The influence of calcium hydroxide as a sludge disintegrating agent was also investigated (Fig. 6) . Calcium hydroxide has frequently been used in sludge stabilization processes in wastewater treatment plants (Metcalf and Eddy 1991) . Applying a sludge-specific calcium hydroxide concentration of 30 and 60 mg/g MLSS to the control samples after 30 min contact time results in an increase in COD concentration of 30% and 80%, respectively. Addition of 30 and 60 mg Ca(OH) 2 /g MLSS to the sludge samples followed by 30 min of vacuuming led to an increase in COD con- Fig. 5 . Effect of SDS-surfactant and vacuum on cell disintegration. centration in the filtrate of about 160% and 300%, respectively. The vacuum condition increased the degree of disintegration for both samples treated with 30 and 60 mg Ca(OH) 2 /g MLSS of about 130% and 220%, respectively, compared to those samples treated without vacuuming. Therefore, vacuum pressure considerably enhances cell disintegration and accelerates sludge stabilization compared to conventional sludge stabilization using only calcium hydroxide.
By comparing the results in Fig. 6 and 7 with those in Fig. 2 , it is clearly seen that the rate of disintegration expressed as COD concentration increase is much more for only vacuum than that for only chemical disintegration using SDS and lime. However, the combination of physical vacuum and chemical disintegration techniques enhances the cell hydrolysis a considerable amount.
Phase II
Anaerobic treatment of excess sludge is favored over aerobic treatment systems because of its substantial degree of degradation with relatively small biomass specific yield. The advantages of anaerobic digestion of disintegrated excess sludge are the higher degree of degradation that produces more biogas and the accelerated degradation that can be achieved in shorter degradation time.
The improved degradation of organic substances in the excess sludge is based on the enhancement of hydrolysis by vacuum cell disruption. During anaerobic digestion, a high percentage of organic material, especially facultative bacteria, is able to resist the anaerobic condition (Müller et al. 1998) . After vacuum disintegration, bacterial cells are disrupted and Fig. 6 . Effect of lime and vacuum on cell disintegration. intracellular organic material becomes bioavailable. This leads to a higher degree of degradation and higher gas production and thus, reduction of the amount of sludge that has to be disposed of.
The relationship between digestion time and biogas production for the different disintegration periods including the control sludge sample is graphically represented in Fig. 7 . When biogas production is used as an indicator for the degree of digestion, it is clear that for the sludge that underwent 30 min of vacuum time, the gas production increases by 100% over the gas production of the untreated sludge (control sludge sample) after 3 weeks of digestion. In addition, the same gas production as for the control sludge sample at the end of the degradation process can be reached in less than half of the digestion time. The influence of vacuum disintegration time on biogas production is also visible. The longer the vacuum, the higher the biogas production.
Digestion of sludge samples that underwent chemical and 30-min vacuum disintegration is also carried out ( Fig. 8 and 9 ). These figures demonstrate that chemical disintegration further enhances the anaerobic degradation process. The addition of 20 mg SDS/g MLSS to a sludge sample that underwent vacuum disintegration results in an increase in the biogas production of about 28% over the sample that is subjected to only vacuum, 100% over the sample that received the same dose of SDS without vacuum, and 145% over the control sample (Fig. 8) . About 5% difference in the biogas production between the two SDS doses is considered relatively insignificant. Similarly, Fig. 9 shows that digestion of the sludge sample that received 60 mg Ca(OH) 2 /g MLSS and underwent vacuum disintegration produces 34% more biogas than the sample subjected to only vacuum, 93% more than the sample that received the same lime dose without vacuum, and 158% more than the control sample. The percentage difference of biogas production between the two lime doses was found to be about 10%. Comparison between the two chemical agents used in this experiment indicates that lime is favored over SDS in light of its price and biogas production.
From the above results, it is obvious that cell disruption causes a fast release of organic material and supports the process of hydrolysis. Because hydrolysis is the rate-limiting step in the anaerobic degradation process of excess sludge, disintegration leads to an acceleration of sludge stabilization. This would significantly reduce the digester volume and decrease the burden on the overloaded digesters.
Conclusions
Subjecting the excess sludge to vacuum pressure can enhance the hydrolysis of bacterial cells. The vacuum hydrostatic force on bacterial cells releases the cell contents and thus increases the COD concentration in the supernatant. Hereafter, the addition of easily biodegradable material can be treated using conventional sludge stabilization techniques. Chemical cell disruption is found to be complementary to vacuum disintegration. The results indicate the increase of the disintegration efficiency by a combination of vacuum and chemical disintegration. Disintegration of bacterial cells leads to an accelerated and improved sludge digestion. As a result, the size of sludge digesters can be decreased and the amount of sludge, which has to be disposed of, can be reduced.
